The Foundational Model of Anatomy (FMA) [7] represents the result of manual and disciplined modeling of the structural organization of the human body. Many workers in medical informatics consider the FMA to be a tremendous resource that will facilitate sharing of information among applications that use anatomy knowledge. With the development and use of biomedical ontologies in the context of the Semantic Web, researchers often want to access the FMA using the Web Ontology Language (OWL). Existing efforts at translating FMA into OWL focused on creating an OWL DL representation which which DL classifiers can produce useful inference. Such transformations required making assumptions about the original representation of the FMA that are not explicitly there. Our effort is complementary to these efforts and focused on two main goals: (1) representing only the information that is explicitly present in the frames representation of the FMA or that can be directly inferred from the semantics of Protégé frames; (2) representing all the information that is present in the frames representation of the FMA, thus producing an OWL representation for the complete FMA. Our complete representation of the FMA in OWL consists of two components: an OWL DL component that contains the FMA constructs that are compatible with OWL DL; and an OWL Full component that imports the OWL DL component and adds the FMA constructs that OWL DL does not allow (e.g., metaclasses and classes as property values). The OWL representation of the FMA is publicly available in the ontology repository maintained by the National Center for Biomedical Ontology.
Motivation and Goals
The Foundational Model of Anatomy (FMA) [7] represents the result of manual and disciplined modeling of the structural organization of the human body. Many workers in medical informatics consider the FMA to be a tremendous resource that will facilitate sharing of information among applications that use anatomy knowledge. The FMA developers used the Protégé ontology editor [6] to create the FMA and the Protégé Frames representation is the representation language for the FMA. However, with the development and use of biomedical ontologies in the context of the Semantic Web, researchers often want to access the FMA using the Web Ontology Language (OWL) [2] . The FMA Protégé representation relies heavily on some of the features that are common in frame-based representations but are not so common in OWL (and, in particular, in OWL DL) ontologies. These features include metaclasses, classes (rather than instances) as property values, and attributed relationships between classes [5] (Section 2).
There have been several attempts to represent the FMA in OWL [3, 1] . One of the main goals for these efforts was to transform the FMA into the form that Description Logics (DL) reasoners (classifiers) could use efficiently, producing useful inference. Therefore, for example, Golbreich and colleagues [3] represented the FMA exclusively in the OWL DL species of OWL. In order to create the representation that is useful for DL classifiers, the authors had to make assumptions about FMA that were not present in the original frames version of FMA and to exclude some components of FMA that could not be represented in OWL DL. For example, relationships between classes (where a "verbatim" transformation would require using classes as property values, which is not allowed in OWL DL) became existential restrictions (someValuesFrom) in OWL since such approach is more natural in description logics and allows more inference to be performed by a classifier. A "verbatim" transformation would however would require using classes as property values, which is not allowed in OWL DL. Thus the authors had to alter the semantics of the original representation. Also in order to get classification results, Golbreich and colleagues defined some restrictions as necessary and sufficient, whereas in frames, all constraints on slots are necessary conditions, but not sufficient. Representing reified relations between classes in OWL DL required introduction of several levels of indirection and anonymous classes; such representation seems to reflect accurately the intentions of the FMA modeleres in this case (although the semantics of frames don't make this explicit); but the representation is hardly legible for anyone browsing it. Dameron and colleagues [1] introduced disjoint and closure axioms. Finally (and significantly), these efforts did not attempt to represent FMA in OWL in its entirety.
Our effort is in some sense complementary to the efforts above because the goals of our transformation were different. Our goals were two-fold:
1. Represent only the information that is explicitly present in the frames representation of the FMA or that can be directly inferred from the semantics of Protégé frames.
2. Represent all the information that is present in the frames representation of the FMA, thus producing an OWL representation for the complete FMA.
Thus, our overarching goal was to "stick to the script" and have the OWL version be as close as possible to the frames one. As the result, the FMA in OWL looks very similar to FMA in frames. To the best of our knowledge, our work is the only one at the time of this writing that produced an OWL representation of the complete FMA rather than its fragments.
To make the FMA in OWL that we produced maximally useful to biomedical researchers who want to use it with other OWL DL ontologies, we have used a two-layered approach in our OWL representation of FMA: We broke up the OWL representation of FMA into two components, an OWL DL component and an OWL Full component, with the latter importing the former (Section 3). The OWL DL component of the FMA representation contains only those FMA constructs that can be represented directly in OWL DL. The rest of the constructs are in the OWL Full component.
Because our goals were different from the previous efforts, the constraints under which we operated and, therefore, our design decisions differed as well. For the biomedical researchers who plan to use DL reasoning with the FMA itself, the transformations we cited earlier may be more appropriate (albeit, at the moment, they do not provide access to all the classes in the FMA). For the researchers who require the FMA in its entirety and as close to its original representation as possible and who do not plan to use DL classifiers with the FMA itself (but may want to use it with ontologies they derive from it), the transformation resulting from the effort described here may be more appropriate. In addition, our effort may benefit those researchers who wish to use our DL version as a foundation upon which they add additional restrictions appropriate to their needs and application domain.
FMA in Protégé
We start by briefly describing the structure of the FMA in its original Protégé Frames representation. We focus on the elements that are relevant for the transformation and to which we refer later.
The FMA development in Protégé utilized both the flexibility of the Protégé knowledge model and the extensibility of the software architecture. [5] In addition to traditional ontology notions of classes, slots (also called properties), and instances, the Protégé knowledge model includes metaclasses. A metaclass is a class with other classes as its instances. A metaclass definition is a template for definitions of classes that are instances of this metaclass. A metaclass defines which metainformation a class will have. For example, this meta-information may include different terms corresponding to a concept, synonyms, terms in different languages, references to other terminologies, and so on. Figure 1 presents a definition of a metaclass that serves as a template for all classes in the FMA. The Anatomical entity metaclass determines the meta-information that each concept in the FMA will have. This meta-information includes the concept's preferred name and synonyms, non-English equivalents, documentation, unique id within the FMA, and so on. Note that preferred names, synonyms, and nonEnglish equivalents are not simple strings, but rather knowledge-base instances of a class Concept name. Instances of this class contain not only the string corresponding to the term, but also the language for the term, abbreviation, source, authority, the author and modification information, the reference to the corresponding UMLS and Terminologia Anatomica (TA) concepts, and other information.
Consider for example the FMA concept Heart, partially presented in Figure 2 . All the terms in this concept definition, such as "Cor" or "Corazon", are in fact instances of the class Concept name and have all the information listed above associated with them ( Figure 2A) .
The FMA uses the same mechanism to express relations between classes such as part and part of. So, for instance, for the class Heart, the slot inherent 3-D shape has the class Cone as its value ( Figure  2B ). Similarly, the regional part slot for the class Heart has several classes as its value ( Figure 2C ).
Some relationships between classes in FMA are attributed, or reified: they have additional properties associated with them. Consider the slot attributed part for the class Heart ( Figure 2D ): each row in the table in the Protégé interface is an instance of a class Part-of relationship value. The instance has slot values for the related part, as well as attributes of this relationship, such as whether the part is shared or unshared or whether it is anatomical ore arbitrary, as well as which partition it belongs to.
In FMA, most classes are instances of the class that is also their superclass ( Figure 2E and 2F). This structure enables the correct inheritance of values for attributed and other relationships between classes in the FMA [5] .
In our transformation of the FMA to OWL, we attempted to stay Figure 1 : A metaclass definition in the FMA. The metaclass serves as a template for all classes in the FMA and defines the meta-information that the classes will have: preferred name, synonyms, non-English equivalents, definition, and so on.
as close as we could to this original structure.
OWL DL versus OWL Full
Because the FMA uses metaclasses and classes as property values, among other things, we could not use OWL DL for our representation [4] and OWL Full was a natural language of choice for us. However, many researchers would like to have an OWL DL version for compatibility purposes. For example, if they want to extend FMA and have an OWL DL ontology as the result, they need an OWL DL version of the FMA to start with. Hence, we chose a two-layered approach to the OWL representation of the FMA ( Figure 3 ): First, we created an OWL DL component of our translated representation that included the part of the FMA that could be directly represented in OWL DL. This part included all FMA classes and the class hierarchy; all properties; their domains and ranges; specification of functional properties; property restrictions; and values for annotation properties. Second, we created an OWL Full model that imported the OWL DL model using the owl:imports construct. The OWL Full model referred directly to the classes and properties in the OWL DL model, making additional assertions about them. Thus, the OWL DL model can stand on its own but will not contain all of the information in the original FMA. The OWL Full model contains essentially all the information from the original.
Since we did not "DL-ize" the FMA representation even for the OWL DL component, this component by itself will not be useful for reasoning with DL classifiers: if we run a DL classifier on this component, it will not infer any new subsumption relationships between classes or find any inconsistencies. However, having a DL-only model of the FMA that includes all of its classes and properties and many of the features, will enable researchers to import this component into their own OWL DL ontologies (that by themselves could be reasoned over with DL classifiers) without changing the OWL species of their own ontologies.
The translation steps
We start by describing the details of the translation for the OWL DL component and then describe the additional information that goes into the OWL Full component.
The translation steps for OWL DL
For the OWL DL component, we translated the Protégé class hierarchy, slots and facets into their OWL DL counterparts.
The FMA class hierarchy
Classes and slots in the Protégé version of the FMA correspond to classes and properties in OWL. The OWL DL version of the FMA includes all classes of the FMA. Pragmatically, we included all subclasses of the following classes:
• Anatomical entity Class hierarchy. The subclass-superclass relationship between classes in the OWL DL model is exactly the same as in the frames version of the FMA.
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Class names. We chose to keep the FMA practice of having the class name be the meaningful human-readable name of the class rather than its ID (i.e., Anatomical entity rather than 62955). Therefore, both rdf:ID and rdfs:label contain the human-readable name. In other approaches (e.g., by Dameron and colleagues [1] ), researchers argued for using system-generated identifiers as rdf:ID. Our solution stems from our goal to stay as close to the original FMA as possible.
Class documentation. Protégé has a designated slot for class documentation (:DOCUMENTATION). We translated the value of this slot (a string) as rdfs:comment on the corresponding class.
Slots and properties
All slots in the Protégé frames representation of the FMA became properties in the OWL DL representation. Slot names became property names (rdf:ID and rdfs:label). Slot documentation (the value of the :DOCUMENTATION slot) became rdfs:comment.
Datatype and Object properties Depending on its value type in the frames representation, each slot became either a datatype property (owl:DatatypeProperty) or an object property (owl:ObjectProperty). Annotation properties We have designated certain properties as annotation properties in OWL. This decision is the only one where we added some semantics that was not explicitly present in the FMA.
However, there is probably little argument that the slots in Table 2 correspond directly to the spirit of annotation properties in OWL.
owl Top-level information for slots Protégé represents several types of top-level information for slots (i.e., the information that applies to the slot itself and not to the slot at a particular class). In general, not all of this information has direct counterpart in OWL. However, the top-level information that FMA authors used can be translated to OWL directly.
First, many slots are single-cardinality slots, that is, they can have at most one value. The OWL properties corresponding to these slots became functional properties (owl:FunctionalProperty).
Inverse slots in Protégé became inverse properties in OWL (owl:inverseOf). Protégé allows users to specify default values for slots. The FMA representation uses default for one slot: authority (i.e., on whose authority was the class created). OWL does not have representation of defaults. However, when Protégé creates a new instance with the slot that has a default value, it puts that default value as one of the values of the slot. Hence, the version of the FMA that we work with already has the default values as simple values for all occurrences of instances with the authority slot that were created after the default was declared. As it happens, the default value for the slot was declared at the outset, and thus all occurrences of instances with this slot have the value there.
Domains and ranges Slots in Protégé can have multiple domains.
When there is more than one domain for a slot, the semantics is that of a union: any individual in any of the classes in the domain can have this slot. Thus, we collected the domains of a slot, and assigned the union of the corresponding OWL classes as the domain of the corresponding OWL property.
Instance-valued slots in Protégé have instances of other classes as their values. The classes from which these instances come from are allowed classes for the slot. As with domains, the semantics in Protégé for multiple allowed classes is that of a union. Hence, we collected all allowed classes for a slot and assigned the union of the corresponding OWL classes as the range for the corresponding OWL property.
Class-valued slots in Protégé have other classes (not individuals) as their values. The superclasses of the classes that can become the value for a slot are specified as allowed parents for that slot. In general, of course, it is incorrect to assume that allowed parents are identical to range in OWL. In fact, there is no such concept in OWL at all. However, because of the way the FMA metaclass hierarchy is structured, xwhere each class has its superclass also as its metaclass, we can actually translate allowed parents into the range of the corresponding OWL property. Again, we use the union in the case of multiple allowed parents.
Note that the definitions of ranges for properties are part of the OWL DL component. However, the values for ranges are metaclasses (classes with other classes as their instances). Therefore, when properties actually take values conforming to these range definitions, these values are themselves classes. Therefore, the statements with property values themselves are part of the OWL Full component.
Protégé facets and OWL Restrictions
In the Protégé representation of the FMA, additional constraints on slot values are put at the class level. For instance, the set of values for the slot dimension at the top level consists of three literas: 1-dimension, 2-dimension, and 3-dimension. However, for the class Material anatomical entity and its subclasses, the value of this slot is constrained to 3-dimension. These types of constraints are expressed as facet values in Protégé and as restrictions in OWL. Not all facets in Protégé have direct counterparts in OWL. However, all the facets that are used in the Protégé representation of the FMA do have direct counterparts in OWL. 
The translation steps for OWL Full
The OWL Full version of the FMA imports the OWL DL component described in Section 4.1 and adds the information that could not be represented in OWL DL (Figure 3 Assigning metaclasses for classes One of the main differences between the OWL DL and OWL Full models is that in the former all classes are instances of owl:Class whereas the latter represents the detailed metaclass hierarchy of the Protégé version of the FMA. Thus, for each class in the model, its metaclass in Protégé became its rdf:type in OWL.
Relationships between classes The FMA represents relationships between classes as slots on the classes themselves. For instance, the value for the slot inherent 3-D shape for the class Heart is the class Cone (Figure 2) . Similarly, there is a slot regional part for the class Heart with the following classes as some of its values: Basal zone of heart, Mid zone of heart, and Apical zone of heart. Classes cannot be property values in OWL DL, but they can be in OWL Full [4] . Thus, we represent these relationships between classes as property triples with classes both as subjects and objects.
Attributed relationships Many relationships in FMA are attributed relationships ( Figure 2D ): the relationship connects two classes and has additional attributes describing the relationship. For instance, Right side of heart is an Unshared, Arbitrary part of Heart. In the example, attributed relationships are instances of the class Part-of relationship value, and the values for the slot related part are themselves classes (e.g., Right side of heart). We translate attributed relationships directly into OWL Full, by creating an instance of the class Part of relationship value with the corresponding values for this instance's properties (including a class as one of the property values). This instance then becomes a value for the corresponding property on the class.
Odds and ends
Class, individual, and property names Protégé does not limit the characters that can be used in class, instance, and slot names. Thus, these names in the FMA contain spaces, parentheses, dashes, brackets, and other symbols. These symbols are not allowed as XML names, thus we replaces them with underscores (e.g., Anatomical entity became Anatomical entity). Furthermore, the Protégé OWL API does not allow class names to start with a number (OWL standard allows this). Thus, we added underscores to the front of the names that started with numbers. If, after replacing an invalid character with an underscore, the new class, individual, or property name was no longer unique, 1 we appended additional underscores to the front of the name to ensure uniqueness.
Annotation properties and metaclasses Classes and slots in
Protégé cannot have any own slots (such as FMAID) without inheriting them from the corresponding metaclass or metaslot. However, in OWL, we can directly assign such properties values to classes and slots. There are two metaslots in the Protégé version of the FMA (Standard FMA slot and Structural slot) that are there for the sole purpose of enabling slots to have FMAID and slot synonym, respectively. Both FMAID and slot synonym became annotation properties in OWL. Since we can assign these annotation properties to slots directly, we do not need the metaslots and thus we did not translate these two classes into OWL.
Discussion
As we stated in the introduction, our main goal was to stay as close as possible to the Protégé frames representation of the FMA when we converted it into OWL. We tried to introduce as few assumptions as possible into the semantics of frames and to have the OWL representation largely follow the frames one. One of the key differences between frames and OWL though is the use of the closed-world assumption in frames and the open-world assumptions in OWL. In frames, everything is prohibited until it is permitted; in OWL, everything is permitted until it is prohibited. Thus, it is impossible to achieve the identical semantics of the two representations. Consider for example the allowed classes for slots in the Protégé frames representation and the corresponding allValuesFroom restrictions in OWL. In the former case, we are saying that if there is an instance where a slot value is not a member of the allowed class then that instance violates the constraints on the model. In the second case, if there is an instance where slot value is not known to be a member of the class in allValuesFrame, that value is assumed to be in that class. Thus, the semantics are different, but such difference is inevitable due to the fundamental differences between the languages.
In many cases, however, we were able to get the correct semantics even though the "natural" semantics of frames and OWL differ. For instance, several domain statements for a slot in Protégé mean that the slot is valid for instances of any of the classes among the domains. That is, multiple domains have union semantics. In OWL, multiple domain statements have intersection semantics: if there are multiple domain statements for a property, then any individual with this property must be an instance of each of the classes in the declared domains. Thus, when a slot in Protégé had multiple domains, we set the domain of the OWL property to be the union of these. The same is true for ranges of properties (allowed classes for slots in Protégé).
Even though we tried to add as few assumption about the semantics of the FMA representation as possible, the conversion script that we wrote is not a generic conversion script from Protégé frames to OWL. First, we have omitted from the conversion consideration of any of the Protégé frames features that are not used in the FMA representation (e.g., numeric slots and their ranges, subslots, standalone individuals that are not values for slots on classes, etc.). Some of these features do not have straightforward representation in OWL (such as numeric minimum and maximum), but we did not have to worry about it because our goal was strictly to convert the FMA.
Second, some of our decisions on the OWL counterparts are specific to the FMA representation and cannot be generalized. The main example is the class-valued slots. As mentioned earlier, in general, it is incorrect to say that a class-valued slot with allowed parent A is equivalent to the same slot with value type Instance and allowed class A. However, in the specific structure of the FMA, it is indeed correct to make such assumption. Similarly, we did not represent default values for slots (i.e., as the information on the slots) because they were already "materialized" in the FMA representation, as each time an instance was created when FMA was developed, its slots got their default values. Therefore, simply by translating the values of these slots we got the "materialized" defaults in the OWL version.
Our OWL-DL representation of FMA may provide a useful foundation for biomedical researchers who are interested in using DL reasoning with the FMA or ontologies derived from it. In previous work that used DL classification, specialized DL versions of FMA were produced [1, 8] . An advantage of our DL version of FMA is that it provides a foundation upon which such applications could be built in the future. For example, in the work of Dameron [1] , their DL version of the FMA included existential restrictions and declaration of disjoint classes, assertions that could be added to our OWL DL representation of the FMA. It would have been possible for the researchers to begin their work using our DL version of FMA, eliminating the need from them to begin their modeling from scratch and encouraging reuse. In this paradigm, a researcher would import our DL version of FMA and extend it. Indeed, in the work of Rubin [8] , the authors created a "base OWL ontology" which they subsequently extended in two different ways, adding restrictions needed to support two different types of reasoning applications. 
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The class Heart is both a subclass and an instance of the class Organ with cavitated organ parts 
